Introduction {#Sec1}
============

Lepton flavor symmetry is accidental in the SM and it is known to be explicitly broken by the nonzero neutrino masses and mixing, as established by neutrino oscillation experiments. Neutrino masses are also responsible for flavor violation in the charged-lepton sector, with unobservable rates suppressed by $\documentclass[12pt]{minimal}
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                \begin{document}$$(m_\nu /m_W)^4\approx 10^{-48}$$\end{document}$. This makes charged Lepton Flavor Violation (LFV) an appealing target for experimental searches beyond the SM (BSM), as its observation would clearly point to the existence of new phenomena.

From a theoretical perspective, LFV is predicted in various BSM scenarios, such as the ones involving sterile neutrinos \[[@CR1]--[@CR3]\], extended Higgs sectors \[[@CR4], [@CR5]\], $\documentclass[12pt]{minimal}
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                \begin{document}$$Z^\prime $$\end{document}$ bosons \[[@CR6]\] and leptoquarks \[[@CR7], [@CR8]\]. Under the assumption of heavy new physics states, the low-energy LFV data can be described by means of an Effective Field Theory (EFT), with the information on the underlying dynamics encoded in effective coefficients that can be probed experimentally.

On the experimental side, there is a rich flavor-physics program dedicated to LFV in both lepton and meson decays. The current sensitivity will be significantly improved in the coming years by the ongoing effort at the present NA62 \[[@CR9]\], LHCb \[[@CR10]\] and Belle-II \[[@CR11]\], as well as at the future Mu2E \[[@CR12]\], Mu3E \[[@CR13]\] and COMET \[[@CR14]\] experiments. While up to date there is no evidence for charged LFV, there are hints of Lepton Flavor Universality Violation (LFUV) in *B*-meson semi-leptonic decays (see e.g. Ref. \[[@CR15]\] for a recent review), which have attracted a lot of attention in the particle physics community. Notably, several BSM resolutions of these discrepancies predict sizeable LFV effects in semi-leptonic operators, see e.g. \[[@CR16]--[@CR20]\] and references therein.

In recent years, the large luminosity accumulated at the LHC has offered many opportunities to indirectly test flavor-physics scenarios at high-$\documentclass[12pt]{minimal}
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                \begin{document}$$p_T$$\end{document}$. In particular, recasts of resonant searches in the invariant mass tails of the $\documentclass[12pt]{minimal}
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                \begin{document}$$pp\rightarrow \ell ^-\ell ^+$$\end{document}$ and $\documentclass[12pt]{minimal}
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                \begin{document}$$pp\rightarrow \ell ^\pm \nu _\ell $$\end{document}$ processes have been used to derive stringent limits on various new physics models \[[@CR21]--[@CR24]\]. These constraints turn out to be complementary to the ones coming from flavor physics observables and, in particular, they have been useful to identify the viable solutions of the LFUV anomalies observed in *B*-meson decays \[[@CR25], [@CR26]\]. The main focus of this study is to perform an analogous analysis of the LFV processes $\documentclass[12pt]{minimal}
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                \begin{document}$$pp \rightarrow \ell _k\ell _l$$\end{document}$ (with $\documentclass[12pt]{minimal}
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                \begin{document}$$k \ne l$$\end{document}$) at the LHC, which have not been thoroughly explored thus far, and which can also provide complementary information to low-energy observables.

In this paper, we derive constraints on four-fermion LFV operators by using LHC data. To this purpose, we formulate an EFT with generic semileptonic dimension-6 operators and we study their impact onto the LFV dilepton tails at the LHC. Previous phenomenological analyses have considered effective operators with particular Lorentz and/or flavor structures \[[@CR27], [@CR28]\]. We update and extend these analyses by considering the most recent LHC data, as well by accounting for the most general effective operators. Furthermore, for a specific example with left-handed operators, we explicitly compare the high-$\documentclass[12pt]{minimal}
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                \begin{document}$$p_T$$\end{document}$ limits derived in this paper with the ones obtained from low-energy data, by showing their complementarity.

The remainder of the paper is organized as follows. In Sect. [2](#Sec2){ref-type="sec"} we define our setup, we describe the details of our recast of LHC data and derive the corresponding limits. In Sect. [3](#Sec6){ref-type="sec"} we derive constraints, by using flavor physics observables, on a specific scenario with purely left-handed operators, which are then compared with the high-$\documentclass[12pt]{minimal}
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                \begin{document}$$p_T$$\end{document}$ limits we have derived in Sect. [4](#Sec11){ref-type="sec"}. Our findings are summarized in Sect. [5](#Sec12){ref-type="sec"}.

LFV tails at the LHC {#Sec2}
====================

Framework {#Sec3}
---------

We start by defining our framework. We consider the following dimension-6 effective Lagrangian,$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} {\mathcal {L}}_{\mathrm {eff}}&\supset \sum _{\alpha }\sum _{ijkl}\dfrac{C_\alpha ^{ijkl}}{v^2}\, {\mathcal {O}}_{\alpha }^{ijkl}, \end{aligned}$$\end{document}$$where $\documentclass[12pt]{minimal}
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                \begin{document}$$v=(\sqrt{2} G_f)^{-1/2}$$\end{document}$ is the electroweak vacuum expectation value, $\documentclass[12pt]{minimal}
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                \begin{document}$${\mathcal {O}}_\alpha ^{ijkl}$$\end{document}$ are the semi-leptonic operators collected in Table [1](#Tab1){ref-type="table"} and $\documentclass[12pt]{minimal}
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                \begin{document}$$C_\alpha ^{ijkl}$$\end{document}$ are the corresponding effective coefficients. The index $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha $$\end{document}$ accounts for the possible Lorentz structures, while $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\lbrace i,j,k,l\rbrace $$\end{document}$ denotes flavor indices. Note that $\documentclass[12pt]{minimal}
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                \begin{document}$$q_{i,j}$$\end{document}$ can be either up or down-type quarks in our notation. Furthermore, dipole operators are not considered in Eq. ([1](#Equ1){ref-type=""}) since these are already tightly constrained by radiative LFV decays \[[@CR29]\].Table 1Operators $\documentclass[12pt]{minimal}
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                \begin{document}$${\mathcal {O}}_\alpha $$\end{document}$ appearing in Eq. ([1](#Equ1){ref-type=""}) and their corresponding operators in the SMEFT (third column). Flavor indices are denoted by *i*, *j*, *k*, *l*, and *q* stands for either up or down-type quarks in the mass basis. Wilson coefficients are assumed to be real. See Appendix A for detailsEff. coeff.OperatorSMEFT$\documentclass[12pt]{minimal}
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Fig. 1Parton-parton luminosity functions $\documentclass[12pt]{minimal}
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                \begin{document}$${\mathcal {L}}_{q_i {\bar{q}}_j}$$\end{document}$ (see Eq. ([7](#Equ7){ref-type=""})) are depicted for quark-flavor conserving and violating processes in the left and right panels, respectively. The PDF set PDF4LHC15_nnlo_mc \[[@CR33]--[@CR36]\] has been used to extract the central value (dashed lines) and the $\documentclass[12pt]{minimal}
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Under the assumption of heavy new physics, which we adopt henceforth, the Wilson coefficients in Eq. ([1](#Equ1){ref-type=""}) should be matched onto the $\documentclass[12pt]{minimal}
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                \begin{document}$$SU(3)_c\times SU(2)_L \times U(1)_Y$$\end{document}$ invariant basis of dimension-6 operators, as given in the last column of Table [1](#Tab1){ref-type="table"} \[[@CR30], [@CR31]\]. From this matching, we learn that the vectorial coefficients $\documentclass[12pt]{minimal}
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With the Lagrangian defined above, one can compute the partonic cross-section for $\documentclass[12pt]{minimal}
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From Eq. ([6](#Equ6){ref-type=""}), we see that the largest partonic cross-section comes from the tensor operator, which is a factor of 4 larger than the vectorial ones. On the other hand, scalar and vector operators have comparable cross-sections. Given the small differences in the angular efficiencies for these operators, the limits derived on a single operator can be easily translated into others by simply accounting for the numerical factors given in Eq. ([6](#Equ6){ref-type=""}). For this reason, we focus in what follows on a single effective coefficient, which we choose to be $\documentclass[12pt]{minimal}
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Lastly, we briefly discuss the quark-flavor dependence in Eq. ([8](#Equ8){ref-type=""}). There are two sources of flavor entering the hadronic cross-section: (i) the underlying flavor structure present in the hard partonic process, which is encoded by the effective coefficients, and (ii) the flavor dependent non-perturbative parton distribution functions (PDF) of the proton. Assuming a large scale separation, these structures factorize at leading order as shown in Eq. ([8](#Equ8){ref-type=""}). For scenarios with effective coefficients that do not distinguish quark flavor, it is clear from Fig. [1](#Fig1){ref-type="fig"} that the leading contribution to the dilepton tails would come from the partonic process initiated by light quarks. This conclusion is no longer valid if the parton luminosities are weighted by effective coefficients that are hierarchical in quark-flavor space, such as scenarios based on a non-universal *U*(2) flavor symmetry, for which *b*-quarks can induce the largest contribution \[[@CR40]\]. Another scenario often considered is Minimal Flavor Violating (MFV) \[[@CR41]\]. In this case, the parton luminosity functions $\documentclass[12pt]{minimal}
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Recast of existing LFV searches {#Sec4}
-------------------------------

We first implemented the effective Lagrangian ([9](#Equ9){ref-type=""}) in FeynRules \[[@CR42]\]. After importing the resulting UFO model into Madgraph5 \[[@CR43]\], we simulated statistically significant event samples of $\documentclass[12pt]{minimal}
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For our recast, we used the latest ATLAS search of heavy vector resonances decaying into a pair of different flavor leptons, $\documentclass[12pt]{minimal}
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The constraints we obtain for each individual Wilson coefficient $\documentclass[12pt]{minimal}
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We explain now how to apply the limits provided in Table [2](#Tab2){ref-type="table"} to scenarios with more than one effective operator, accounting for operators with general Lorentz and quark-flavor structures. This recast is possible since the different contributions do not interfere, being only weighted by the $\documentclass[12pt]{minimal}
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Low-energy limits {#Sec6}
=================

In this Section we compare the LHC bounds derived above with the ones obtained from flavor-physics observables at tree-level. The complementarity of both approaches will be illustrated for the purely left-handed operators defined in Eq. ([9](#Equ9){ref-type=""}), since LHC and flavor experiments can provide competitive bounds in this case. For these operators, QCD running of the Wilson coefficients is forbidden by the Ward identities, while electroweak and QED running effects are small, allowing for a direct comparison between the two approaches.
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-----------------

We consider next quark flavor violating decays of mesons. The simplest observables one can consider are leptonic decays of pseudoscalar mesons, such as $\documentclass[12pt]{minimal}
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Quarkonium decays {#Sec9}
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Results and discussion {#Sec11}
======================
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Another case for which LHC data provides meaningful constraints is the $\documentclass[12pt]{minimal}
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To make the complementarity between flavor physics and LHC constraints even more explicit, we translate the LHC limits obtained in Table [2](#Tab2){ref-type="table"} into bounds on the corresponding LFV decays, for the benchmark scenario with purely left-handed defined in Eq. ([9](#Equ9){ref-type=""}), as shown in Table [4](#Tab4){ref-type="table"}. We do not consider the processes that involving the unflavored mesons $\documentclass[12pt]{minimal}
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Finally, we comment on the validity of the EFT formulation when quoting high-$\documentclass[12pt]{minimal}
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Summary {#Sec12}
=======

In this paper, we have derived limits on LFV quark-lepton dimension-6 operators by using LHC data from $\documentclass[12pt]{minimal}
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For the specific case of left-handed semi-leptonic operators, we have compared the bounds coming from dilepton tails with the low-energy flavor bounds, highlighting the complementarity between the two approaches. We have found that, in the case of operators violating quark flavor as well, low-energy constraints coming from FCNC meson or $\documentclass[12pt]{minimal}
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Appendix A: Matching to the Warsaw basis {#Sec13}
========================================

In this Appendix we provide the tree-level matching of Eq. ([1](#Equ1){ref-type=""}) to the Warsaw basis. We consider the same notation for the operators of Refs. \[[@CR76]--[@CR78]\] and we assume that down-quark Yukawas are diagonal. Operators with down and up-type quarks are treated separately as they can arise from different operators in the SMEFT:
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The equations given above can now be combined with Eq. ([11](#Equ11){ref-type=""}) to constrain any effective scenario formulated above the electroweak scale. We stress once again that both up and down-type quark flavors should be added in Eq. ([11](#Equ11){ref-type=""}), since they can both contribute to the cross-section. For operators involving quark doublets, one should be careful as different quark-flavor combinations are induced by the CKM matrix, which should then be added in Eq. ([11](#Equ11){ref-type=""}), cf. Eqs. ([A7](#Equ38){ref-type=""}), ([A8](#Equ39){ref-type=""}), ([A11](#Equ42){ref-type=""}) and ([A12](#Equ43){ref-type=""}).

Appendix B: General expressions for meson decays {#Sec14}
================================================

In this Appendix we generalize the expressions for LFV meson decays, accounting for all operators introduced in Eq. ([1](#Equ1){ref-type=""}). In the following, we consider decays based on the transition $\documentclass[12pt]{minimal}
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Note that the selection efficiencies of scalar, vector and tensor operators are expected to be very similar for this recast, as explained below Eq. ([6](#Equ6){ref-type=""}).

In Appendix B, we provide the needed theoretical inputs for the most general EFT setup, including scalar and tensor interactions.

These expressions should be corrected for processes involving neutral kaons, as will be discussed in the following.
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